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ABSTRACT The analysis of luminescence decay experiments from proteins is typically modeled as a combination of
independent first-order decay functions. However, Poisson noise in the photon counting experiment limits the ability of this
approach to resolve decay components from separate lumiphores with similar lifetimes. To provide further differentiation, we
incorporate time-resolved circular polarization of luminescence, an additional independent observable, into the analysis. In
the simplest case, for example, each lumiphore's chirality is assumed to be time independent and is determined by the
position of the lumiphore with respect to the surrounding chiral environment within the protein. In this paper, we describe the
analysis of simultaneously recorded time-resolved luminescence and circularly polarized luminescence data to obtain
improved temporal resolution. When combined with selective dynamic luminescence quenching, in a model system com-
prising a mixture of Tb/transferrin and Tb/conalbumin, we demonstrate resolution between two decay components with a
lifetime difference of 7% and a difference in emission anisotropy of 5 x 10-2. Evidence for the improved discrimination is
further demonstrated by the increase in curvature of the x2 surface that results from the additional information.
INTRODUCTION
Radiative decay measurements from luminescent centers
in proteins are a common and powerful means of study-
ing protein structure, dynamics, and interactions, and
hence the approach taken in the analysis of luminescence
decay data is of critical importance. The usual approach
assumes that the time-dependent emission intensity, I(t),
arises from a small number of independent first-order
decays and is described by a simple discrete component
model given by I(t) = jicYaexp(-t- ki). However, typical
proteins in solutions may contain multiple lumiphores, as
is often the case for the intrinsic emitter tryptophan. Each
lumiphore contributes to the observed luminescence de-
cay with a unique but frequently similar lifetime. Non-
exponential decay may also characterize the lumines-
cence of single lumiphore-containing proteins, as recent
models of proteins in solution show that they form a
heterogeneous mixture of interconverting structures
(Chen et al., 1991; Alcala, 1994; Schlyer et al., 1994) in
which the lifetime of the lumiphore can be different for
each structure. Unfortunately, even in a simple two-
component system, the ability to accurately resolve two
similar lifetimes is limited by the presence of Poisson
noise inherent in the photon-counting process.
To better detect and differentiate between different lumi-
phores characterized by nearly identical decay characteris-
tics, it is necessary to incorporate a physical parameter that
distinguishes the different excited states and is independent
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of the lifetime. One such property in a protein is the excited
state chirality, which is the origin of circularly polarized
luminescence (CPL) and which has been used extensively to
investigate biomolecular structure (Brittain, 1985; Riehl and
Richardson, 1993). CPL is complementary to circular di-
chroism spectroscopy, which probes the ground state and
measures the difference between right and left circularly
polarized light in the emission. It is characterized by the
anisotropy factor
(1)
where Rjk = Im{(i |AI k)(k ImIj)1, l. = elir, and m =
e/2mcXiri X pi. By time resolving gem(t), one can in prin-
ciple assign unique anisotropy factors to lumiphores with
similar lifetimes according to the relationship
g ( aigem,je
gem(t) f ae(-t -ki) I (2)
where it is assumed that each gemi is time independent
for each ith lumiphore (Schauerte et al., 1992) and ki =
I/Ti. In this paper we show that by combining lumines-
cence decays with the time-resolved excited-state anisot-
ropy, lumiphores with small differences in both lifetimes
and optical activity characteristics can be distinguished.
We extend the global analysis approach (Knutson et al.,
1983), which exploits the relationship between related
luminescence decays to include the time-resolved optical
activity, gem(t). Direct association of individual lumines-
cence lifetimes with specific anisotropy factors can be
obtained through dynamic luminescence quenching. Us-
ing a model system comprising a mixture of Tb3+/trans-
ferrin and Tb3+/conalbumin, we demonstrate our ability
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to distinguish lumiphores that differ by as little as 7% in
lifetime and have a difference in gem factors of only 5 X
10-2, a result that is further quantified by examining the
enhanced curvature of the x2 surface.
MATERIALS AND METHODS
Experimental procedures
Apo bovine transferrin and egg conalbumin were purchased from Sigma
(St. Louis, MO) and used without further purification. TbC13*(6H20) was
purchased from Aldrich Chemical (Milwaukee, WI). Proteins were dia-
lyzed in 50 mM Tris:HCl 5 mM sodium bicarbonate at pH 8.5. Time-
resolved luminescence decay and time-resolved circularly polarized lumi-
nescence (TRCPL) studies were done with an instrument described
elsewhere (Knutson et al., 1983). Steady-state CPL measurements used the
same system; however, the pulsed laser excitation was replaced with a
100-W mercury source (Oriel, Stamford, CT), and the multichannel scalers
and switching logic were replaced with a Stanford Research model 530
lock-in amplifier that was phase locked to the photoelastic modulator.
The two proteins were placed in separate compartments of a tandem
compartment cuvette and excited simultaneously by 280-nm light. The
combined response was measured at 547.3 nm.
Luminescence decay analysis
Analysis of the luminescence decay data was based on the discrete com-
ponent model using the standard Marquadt nonlinear least-squares algo-
rithm (Bevington, 1969) with typical photon-counting statistics assumed
(luminescence decay data weighted by variance, o2 = n, counts/channel,
ge,,m(t) data weighted by o2 = 2/n; Schauerte et al., 1992). Errors reported
for lifetimes obtained from the analysis are derived from the error matrix
(Bevington, 1969), which, as pointed out by Johnson and Faunt (1992), is
limited in reliability, leading to an error value that can depend upon the
experiment (for example, it can be due to small systematic errors in the
Poisson noise). We report here averaged values for the error matrix and
refer the reader to the more robust methods in error estimation (Johnson
and Faunt, 1992).
Nevertheless, the experiments show that TR-CPL combined with selec-
tive luminescence quenching (lumiphores with different kq for a quencher)
readily enables differentiation between two components with nearly iden-
tical lifetimes, where a somewhat arbitrary limit in a more complex system
is ultimately set by the quality of the data and of the data analysis
procedures.
Additional information is derived from quenching studies that are
capable of increasing the difference in the ratio of the two lifetimes
(Wasylewski et al., 1988; Schauerte et al., 1994). It is easy to show that in
the long time limit for a two-lumiphore system characterized by a long and
short decay, that
gem(t °°) = gi,
and at t = 0,
gem(t = 0)-= g1 + (a, /a,) gI+ a5/a,
description of the slope of the decay of gem(t) given by
Slope = - (1+ (g/as)2g g- k- k1). (5)
Hence, there is adequate information in the anisotropy data to obtain values
for the different gemi's, given sufficient precision and lifetime differenti-
ation by selective quenching in the luminescence decay measurement. A
dynamic quenching experiment will alter the Ak, but not the a's or g's.
Therefore, the improved resolution of the lifetimes and the slope of gem(t)
in the quenched experiment can be used to extrapolate a more precise value
of Ak in the unquenched experiment.
The algorithm applied to the TRCPL to improve lifetime resolution in
a two-component model is straightforward. Using differential lifetime
quenching (Wasylewski et al., 1988; Schauerte et al., 1994), which relies
on distinct quenching rates for lumiphores with similar lifetimes, and
assuming that the quenching does not affect either individual gi values or
the prefactors, time-resolved luminescence decay from the quenched sys-
tem is analyzed in the two-component model to obtain the ki's and the
corresponding ai's. Then, using Eqs. 4 and 5, values are obtained for gs and
g,. Time-resolved luminescence data from the unperturbed system are then
analyzed to obtain the average inverse lifetime, 1k, where ik = asks + alkl,
subject to as + al = 1. Using the average lifetime and the slope from the
TRCPL, it is then possible to obtain the lifetimes in the unperturbed
system. If the lumiphores do not have different quenching susceptibilities,
then uncertainty will remain in assigning unique values for the a's, k's, and
gem factors.
The simultaneous analysis of luminescence decays follows the ideas of
Knutsen et al. (1983) and was made with the program Multi (Yamaoka et
al., 1981).
RESULTS AND DISCUSSION
To demonstrate the increased resolution among decay com-
ponents achieved by incorporation of optical activity data
into the lifetime analysis procedure, we utilized a model
protein system with well-established CPL properties. Tb3+
bound to both transferrin and conalbumin has a relatively
large CPL signal associated with its 540-550 nm emission
band corresponding to the transition of this ion. The lumi-
nescence of Tb3+ bound to transferrin or conalbumin in
buffered aqueous solution decayed monoexponentially with
lifetimes of 1250 ± 8 and 1340 ± 9 p,s, respectively (their
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where a, and a. are the preexponential factors for the long and short decay
components, respectively, and are determined by the luminescence lifetime
data and normalization. Unfortunately, it is usually difficult to obtain
sufficient precision to accurately determine the asymptotic behavior. Sim-
ple linearization of a biexponential decay at times near t = 0 provides a
FIGURE 1 The steady state emission (top) and optical activity (bottom)
of 1 equivalent of Tb3+ bound to 10 ,uM transferrin (-- -) and conal-
bumin ( ) in 50 mM Tris-HCl, 5 mM sodium carbonate at pH 8.5. The
proteins were excited at 280 nm. Measurements of TRCPL were performed
at 547.3 nm, which is indicated by the arrow.
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ratio being 1.07), whereas in a 50/50 mixture of D20/H20,
the Tb3+/conalbumin had a lifetime of 1550 ± 10 ,us (i.e.,
1.24 times longer than transferrin/Tb3+/H20). The steady-
state CPL spectra measured with a dispersion of 1.2 nm
gave a gem for the different Tb3+ sites of the two proteins of
-0.0194 ± 0.0005 and +0.0300 ± 0.0005, respectively, at
547.3 nm as shown in Fig. 1. In 50 mM Tris, 5 mM sodium
bicarbonate at pH 8.5, the rate of Tb3+ dissociation from
either protein is very slow (days), and the value of gem does
not change during the Th3+ excited-state decay, as demon-
strated by independent TRCPL measurements of Tb3+/
transferrin and Th3+/conalbumin. Titration with D20 did
not significantly change the steady-state CPL spectrum of
Tb3+/conalbumin.
Fig. 2 A shows the time-resolved combined luminescence
of aqueous transferrin, conalbumin/Tb3+ complexes placed
in the two compartments of the tandem cuvette. Fig. 2 B
shows the decay curve obtained in a similar experiment but
with the conalbumin/Tb3+ complex dissolved in a 50/50
H2O/D2O mixture. The x2 surface of the data in the first
case (Fig. 2 A) is very flat, causing great uncertainty in
assigning specific lifetimes in this case, even for a simple
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FIGURE 2 Luminescence decays and residuals of
bound to transferrin and conalbumin mixtures with li
omission or addition of D20. Sample concentrations i
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With no added D20, intrinsic lifetimes of Tb3+-bou
,us) and conalbumin (1340 ,us) differ by 7.2%. (B) V
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FIGURE 3 The time-resolved gem of the decays is given for the 1.07
and 1.24 ---) lifetime ratio decays. The data are summed to
provide a minimum of 20 million counts for the left and right channels to
provide gem data points with a consistent standard error (3.2 X 10-4). The
slope and intercept for the 1.24 ratio decay are 1.91 (±0.07) s-1 and 4.85
X 10-3 (±0.15 X 10-3), respectively, compared to the expected values of
1.91 and 5.3 x 10-3 that would be observed with the samples measured
separately. The 1.07 decay yields a slope and interecept of 0.62 s-1
(±0.066) and 5.5 x 10 -3 (±0.12 X 10-3), respectively, compared to
expected values of 0.66 s-1 and 5.3 x 10-3.
two-component fit. However, the increased separation be-
tween lifetimes in the presence of D20 (from 7% to 24%
difference) is sufficient to form a more well-defined x2
surface. The corresponding lifetimes extracted from the data
in this case are 1254 ± 12 ,us and 1539 ± 10 ,us, in
excellent agreement with the lifetimes determined sepa-
rately for each of the complexes. It is useful to note the
results of maximum entropy method (MEM) lifetime distri-
5W bution analysis of the luminescence decays reported here.
a e MEM analysis resulted in unimodal distributions with
s Gaussian profiles centered at 1293 and 1422 lus (773.4 and
8 10 703.2 s 1) with distribution widths 2or of 6.2% and 15.6%
for the decays with the lifetime ratios of 1.07 and 1.24,
respectively. Distribution analysis is incapable of uniquely
resolving closely spaced lifetimes (Siemiarczuk et al., 1990)
but does provide a width to the unimodal distribution to
characterize the heterogeneity of the luminescence decays.
Although discrete analysis provides specific a's and k's that
can adequately fit the data, these values are not unique,
inasmuch as the x2 surface has no clear minimum, because
of the fact that the a's and k's are highly correlated. There-
fore the a's and T's derived from discrete analysis may not
0 e necessarily be accurate. Neither discrete nor MEM analysis
8 10iS ' of closely spaced decays can provide definitive resolution
without the inclusion of an additional physical observable.
The observation of a time-dependent CPL (shown in Fig.
an MEM fit of lb3+ 3), however, immediately provides additional information
ifetime modulated by beyond that obtained from the analysis of luminescence
were adjusted to give decay data; namely that the luminescence decay in Fig. 2
the two proteins. (A) clearly is generated by at least two different emitters withimd transfefmn (1250 different gem values. To obtain additional quantitative in-Vith 50% D20, Th3+ e e
f 1550 ,ps, giving a formation on this system, we now insert the above set of
values for ai and ki, along with the slope and t = 0 intercept
-
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from Fig. 3, into Eqs. 5 and 6 to obtain the value of 0.031
± 0.002 and -0.021 ± 0.002 for g, and gf, respectively,
again in excellent agreement with the predetermined gem
values for each complex given above. Returning to the
unquenched data in Fig. 2, the nonlinear least-squares anal-
ysis of the data gives an average lifetime of 1290 ± 6 ,us (k
= 775 s-1), leading to the 1331 ± 9 ,us (k5 = 751.1 s-1)
and 1252 ± 10 ,ts (kf = 798.9 s-1) lifetimes for the
unquenched solution. The lifetime values obtained in this
way are within 2% of the ones determined independently
from the individual Tb3+ complexes.
The improvement in the resolution of closely spaced
luminescence species can be shown by describing the
difference in the x2 surface of a nonlinear least-squares
fit in the absence and presence of the constraint imposed
by the quenched and time-resolved gem(t) data. Fig. 4
demonstrates the improvement in the uniqueness in the
lowest lifetime decay component for a nonlinear least-
squares biexponential fit for the unquenched data set.
Curve 4 A shows an unconstrained fit of the data and
demonstrates the lack of uniqueness of the lifetimes. The
average lifetime has less than 0.1% variability, but the
two lifetimes are not independently unique. Curve 4 B
demonstrates the improved fit to the unquenched data
when it is linked with the quenched data. The improved
resolution of the a' s and ' s for the quenched data set and
the assumption that the a's are linked (global analysis;
see Knutsen et al., 1983) provide the improved resolving
capability in Curve 4 B. Curve 4 C includes the informa-
tion of Curve 4 B, along with the additional information
that is derived from the gemn(t) data. Specifically, the
slope of the gen(t) for the quenched data set is associated
with an improved Ak, which in conjunction with the
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FIGURE 4 Improved discrimination of luminescence decays utilizing
the time-resolved optical activity gem(t) is demonstrated by plotting the x2
surface for a biexponential fit of the 7% lifetime difference data set. The
shortest lifetime in the fit is shown versus the error in the fit. (Curve A)
Unconstrained fit of the data. (Curve B) 7% data set is fit simultaneously
(globally) with quenched data to constrain the a's of the 7% data set.
(Curve C) 7% data set is fit with the constraints of the quenched and gem(t)
data (a's constrained by quench data and Ak is fixed at the value derived
from the gem(t) data of 53.7 s- 1). The preexponential terms and the longer
lifetime are allowed to vary to miaimize the x2
improved a's, provides a Agem for the quenched data set.
The assumption that Ag,m and the a's are unchanged
provides improved Ak, which provides a x2 restraint on
the lifetime values.
In summary, we have shown that TRCPL can be used to
provide additional information to improve the resolution
among the decay components that contribute to nonexpo-
nential decay of luminescence. This approach is expected to
be particularly useful when time-resolved luminescence is
used to probe lumiphores (such as tryptophans) in a large
protein where luminescence decay times of each lumiphore
may be similar but where the different spatial locations lead
to different anisotropy factors. In addition, fluorescence-
detected circular dichroism studies could benefit from this
analysis in cases where two optically active lumiphores are
associated with similar lifetimes. Models describing mul-
tiexponential decay may be distinguished, based upon
whether the lumiphore exists in different conformations
(rotamer model; Chen et al., 1991) or in a single environ-
ment but is subjected to an excited-state process (Bajzer and
Prendergast, 1993). In each case, the improved resolution of
the luminescence decay times leads to an ability to distin-
guish between models for multiexponential decays.
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